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Summary

1. Size variation is a ubiquitous feature of animal populations and is predicted to
strongly influence species abundance and dynamics; however, the factors that determine
size variation are not well understood.

2. In a mesocosm experiment, we found that the relationship between mean and
variation in wood frog (Rana sylvatica) tadpole size is qualitatively different at different
levels of competition created by manipulating resource supply rates or tadpole density.
At low competition, relative size variation (as measured by the coefficient of variation)
decreased as a function of mean size, while at high competition, relative size variation
increased. Therefore, increased competition magnified differences in individual per-
formance as measured by growth rate.

3. A model was developed to estimate the contribution of size-dependent factors (i.e.
based on size alone) and size-independent factors (i.e. resulting from persistent inherent
phenotypic differences other than size that affect growth) on the empirical patterns.
4. Model analysis of the low competition treatment indicated that size-dependent factors
alone can describe the relationship between mean size and size variation. To fit the data,
the size scaling exponent that describes the dependence of growth rate on size was deter-
mined. The estimated value, 0-83, isin the range of that derived from physiological studies.
5. At high competition, the model analysis indicated that individual differences in for-
aging ability, either size-based or due to inherent phenotypic differences (size-independent
factors), were much more pronounced than at low competition. The model was used to
quantify the changes in size-dependent or size-independent factors that underlie the effect
of competition on size-variation. In contrast to results at low competition, parameters derived
from physiological studies could not be used to describe the observed relationships.
6. Our experimental and model results elucidate the role of size-dependent and size-
independent factors in the development of size variation, and highlight and quantify the
context dependence of individual (intrapopulation) differences in competitive abilities.

Key-words: density dependence, individual variation, size-variation, growth depensa-
tion, growth autocorrelation.
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Introduction

Intrapopulation variation of individual growth rateisa
widespread property demonstrated by the large size
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variation observed in organisms from the same cohort
reared together in controlled conditions (Wilbur &
Collins 1973; reviewed in Uchmanski 1985; Lomnicki
1988). Even in nearly equal conditions, large variation
in size can be observed, as illustrated for green frog
tadpoles in Fig. 1 (see Kooijman 2000 for an example
photograph of fish), owing solely to differential growth
among individuals. The same factors leading to growth
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Fig. 1. Example of within-cohort size variation. These three
green frog (Rana clamitans) tadpoles are from the same cohort
raised from the same egg mass together in a 300 L mesocosm.
Their mass varied by two orders of magnitude.

rate variation can be expected to be equally important
in populations of unequal age, although they are not as
obvious.

Disentangling the mechanisms that underlie the
development of size-variation is important for a
number of reasons that fall under two broad categories.
First, variation in size and other fitness components
can play an important role in many ecological pro-
cesses, including extinction risk (Conner & White 1999;
Kendall & Fox 2002; Pfister & Stevens 2003), trophic
interactions (Maret & Collins 1994), cohort survivor-
ship (Rice et al. 1993; Ludsin & DeVries 1997; Rose
et al. 1999) and population stability (Lomnicki 1988;
Uchmanski 1999; Grimm & Uchmanski 2002). Differ-
ences in individual growth also can influence individual
resource specialization (Bolnick et al. 2003) and the
development of population size-structure (Ebenmann
& Persson 1988) that can influence the aforementioned
ecological processes.

Secondly, developing frameworks to understand the
origin and development of size variation could eluci-
date important ecological factors (e.g. spatial hetero-
geneity, phenotypic effects on growth and fitness).
Ecologists have performed numerous experiments in
which individual variation was measured, or could
have been measured without much additional diffi-
culty. Frameworks to understand the origin of size vari-
ation could equip ecologists with an additional lens
into interpreting ecological processes (Lomnicki 1988).
The elucidation of processes from the examination of
variation in a property is very familiar to ecologists, as
the variation in population patterns across environ-
mental gradients is used commonly to enhance our
understanding of mean population processes (Connell
1961; Wellborn, Skelly & Werner 1996). This approach
is also used commonly in physics, in which the vari-
ation of scattered particles reveal information about
the particles, the object off which they scatter, and
the particle—object interactions. We may be missing
valuable information in ecological data when we focus
on the mean and ignore the variation in animal size

(or other responses) (Hassell & May 1985; Lomnicki
1988).

However, we have surprisingly little understanding
of the origin of individual size variation. One explana-
tion for a commonly observed increase in size variation
through time is that larger individuals have an advant-
age that confers faster growth, and therefore growth
rate and size are positively correlated through time
(denoted ‘growth depensation’ by Ricker 1958). Statis-
tically, this results in a positive correlation in growth
over time, as individuals experiencing higher growth at
one time interval will experience higher growth at the
next time interval. Because the factor underlying this
change in size variation is due purely to size effects on
growth, we denote it a ‘size-dependent’ factor (sensu
Pfister & Stevens 2002).

The development of size variation may extend
beyond size-dependent factors. Phenotypically based
differences in foraging traits (Fuiman & Cowan 2003)
that have a genetic basis (Arnold 1981; Conover &
Munch 2002) or are learned (Palmer 1984; Dukas &
Bernays 2000) can also generate differences in growth
rate, and therefore size variation. For example, genetic
differences that underlie varying levels of boldness
in fish (Coleman & Wilson 1997) could translate
into differential resource acquisition and hence
affect size variation. Further, if an individual does
well at acquiring food in one time period, this could
both affect growth in that time period but also lead
to a good condition that leads to better growth at
the next time period (DeAngelis et al. 1993; Ludsin
& DeVries 1997). Additionally, resources or other
factors that affect growth may be heterogeneous,
especially for sessile organisms, which will lead to
unequal resource use among individuals. Thus, a
number of non-size-based factors can underlie per-
sistent growth rate differences and hence affect size
variation. We denote this broad group of factors
‘size-independent’ factors to distinguish them from
the size-dependent factors. Size-independent factors
have been described quantitatively, with ‘growth auto-
correlation’ (Pfister & Stevens 2002, 2003), ‘residual
autocorrelation’ (Fujiwara, Kendall & Nisbet 2004) and
‘memory’ (DeAngelis ez al. 1993; Imsland, Nelson &
Folkvord 1998). Theoretical studies suggest that size-
independent factors could play a substantial role in the
development of size variation (DeAngelis et al. 1993;
Imsland ez al. 1998; Pfister & Stevens 2002; Fujiwara
et al. 2004).

In this study the development of size-variation was
examined in wood frog tadpoles, with the goal of deter-
mining the influence of size-dependent and size-
independent factors. The effect of competition, which
has been shown to affect size variation (Uchmanski
1985), was examined by varying resource level and tad-
pole density. We develop a model to interpret the strong
observed effect of competition observed, and estimate
the varying contribution of size-dependent and size-
independent factors.
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Methods

EMPIRICAL STUDY OF WOOD FROG SIZE
VARIATION

The relationship between size variation and mean size
of wood frog tadpoles at different competition levels,
created by varying tadpole densities and resource sup-
ply rates, was examined. The study was performed at
the University of Michigan’s E. S. George Reserve
experimental pond site in Michigan from May to June
1999 as part of a larger experiment that also examined
the effect of predators on tadpole growth and beha-
viour (Peacor & Werner 2004).

Experiments were conducted in cylindrical 300-L
wading pools that served as pond mesocosms. Pools
were filled with well water and covered with lids con-
structed from 60% green shade cloth. Five-gallon
buckets were placed in the pools to support the lids.
Each pool received phytoplankton, periphyton and
zooplankton collected from a local pond, and 150 g of
dry oak leaves (predominantly Quercus sp.) to provide
physical complexity. Before treatments were initiated,
the pools sat for 9-10 days to allow plankton and
periphyton population establishment. Fourteen egg
masses collected from three closely situated (within
500 m) ponds in Scio Township, MI, were placed in two
wading pools and, after hatching, tadpoles were fed
rabbit chow. The tadpoles were combined prior to
sorting into experimental treatments.

One resource level/tadpole density combination,
hereafter the ‘base’ treatment, received 80 wood frog
tadpoles that were fed ground rabbit chow distributed
evenly throughout each pool every other day at a rate of
approximately 1-5 g per day. A high-density treatment
was implemented with twice the initial tadpole density
(160 tadpoles/pool) but with the same resource level
as in the base treatment. Two further treatments with
one-quarter (denoted intermediate resource level) and
one-eighth (denoted low resource level) the resource
supply rate in the base treatment were implemented
with 80 tadpoles. Thus, there was a base resource level/
tadpole density treatment, and three manipulations
that increased competition by either increasing tad-
pole density or reducing resource level. Initial tadpole
mean mass determined by weighing 300 tadpoles was
22-2 mg. The initial relative size variation as meas-
ured by the coefficient of variation (CV; standard
deviation divided by mean mass, Kokko et al. 1999)
was 0-376.

Approximately one-half of the tadpoles were
removed from the pools, weighed individually and
returned on days 5, 11, 19 and 26 of the experiment
(denoted sampling dates S1, S2, S3 and S4, respec-
tively). On day 33, all tadpoles were removed and
counted. Because some tadpoles showed early signs of
metamorphosis (Gosner stage > 38; Gosner 1960) on
the last date, which would reduce growth rates, the size
variation at this date was not measured. Thus the final

date served only to quantify survivorship. Tadpole
biomass at each sampling date was estimated as the
product of the mean mass at the sampling date and the
number of surviving tadpoles at the experiment end.
Treatments were replicated four times in spatial blocks
situated together in an open field. The standard devi-
ation and CV were used to quantify absolute and
relative size-variation, respectively.

Repeated-measures ANOVA was used to test the sta-
tistical significance of treatment effects on mean mass
and mass CV. Mass data were log-transformed to test
for relative, rather than absolute, differences in mass
(Wootton 1994). Simple main effects (Neter, Wasserman
& Kutner 1985) were examined to determine if treat-
ment affected the dependent variables on particu-
lar sampling dates and whether treatments differed
from each other on a given sampling date. Survivorship
was high, 92:7+3-6% [mean + standard deviation
(SD)]across all treatments, and there was no significant
effect of treatment on survivorship (ANova, P = 0-96).
Therefore, mortality did not alter the patterns observed
between mean mass and mass variation. One pool was
dropped from all analyses because survivorship was
notably lower (45% less) than all other pools. Data were
analysed using spss version 12-0 (SPSS 2003). Data met
assumptions of sphericity. ANOvA models used Type 111
sum-of-squares calculations. Results were considered
significant below an o of 0-05. For the simple main
effects, Bonferroni adjustments corrected the o-level
for multiple comparisons.

DEVELOPMENT OF A MODEL TO EXAMINE
EMPIRICAL PATTERNS

A model was developed to determine the contribution
of size-dependent and size-independent factors on the
development of size variation in the empirical study.
Because wood frog tadpoles are relatively mobile
foragers, variation due to size-dependent factors is
expected to arise from phenotypic differences (based
on genetic, learned or condition differences; see Intro-
duction) rather than environmental heterogeneity.

The growth rate of an organism can be expressed
using an energy budget (Yodzis & Innes 1992), in which
growth rate is equal to the rate acquired resources
contribute to mass gain, minus a loss rate that these
resources are expended on factors such as respiration.
Typically, the physiological rates that determine gain
and loss scale as w” (Sebens 1982, 1987; Yodzis & Innes
1992; Brown et al. 2004) where b is a constant expon-
ent. For example, in the case of gain, the exponent b is
found experimentally to lie in the range of 0-:6—0-8, and
theoretical studies predict a value of 0-75 (Brown et al.
2004). Using this scaling relationship leads to a general
and flexible growth equation (Sebens 1982, 1987;
Uchmanski 1985; Brown et al. 2004):

dw b by

Ezalw —a,w’, eqn 1
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where w is size, the first term represents gain and the
second term loss.

Growth eqn 1 forms the basis of bioenergetic models
(Hewett & Johnson 1995) and other more speci-
fic growth equations including parabolic, logistic,
linear and (for b, = 0-67 and b, = 1) von Bertalanffy
(Wyszomirski et al. 1999). Typically eqn 1 (and its more
specific forms) is used to describe particular species
(or life history stages or size classes of species) or larger
groups of multiple species (Yodzis & Innes 1992). In
these cases, differences in the coefficients ¢, and «, are
dependent on both organism traits and environmental
characteristics. Any affects of size on the gain and loss
rates are captured by the scaling exponents, b, and b,.

It is possible to simplify eqn 2 to examine wood frog
growth in our experiment. Extensive experiments on
wood frog growth as a function of different resource
quantity and quality indicate that loss is negligible
relative to positive gain under the conditions of this ex-
periment (Schiesari 2004). That is, of the resources
assimilated, the great majority are used towards gain
relative to that lost to factors such as respiration.
Indeed, this is consistent with the final mean size and
total biomass gain in the present experiment (Appen-
dix S1). This simplification would no longer hold once
tadpoles are near stages of metamorphosis where growth
rate slows; however, growth was not analysed in this
range. Loss was therefore assumed to be negligible lead-
ing to a growth equation based only on the gain term:

% = alwb'. eqn 2

The manner that size variation can be affected by
manipulating eqn 2 can be divided into two broad
categories that correspond to size-dependent and size-
independent factors. Equation 2 can be rewritten in a
more general form as: dw/dt=a,f(w). The function
f(w) describes any potential size-dependent factors that
affect growth, and therefore the difference in growth
rates of individuals with different size within a popu-
lation. We can therefore manipulate the effect of size-
dependent factors on size-variation by manipulating
the functional form of f{w). In the case of growtheqn 2,
this corresponds to changing the magnitude of the size-
scaling exponent, b,. For example, an increase in b, will
lead to increased size variation. Hereafter, we denote
manipulation of f(w)=w" through changes in b, as
describing the effect of size-dependent factors on
growth and size variation.

Next consider factors other than size that affect the
development of size variation. The coefficient in so-
called allometric equations (e.g. ¢, in eqn 2) that relate
a dependent variable (e.g. dw/dt in eqn 2) to body mass,
serve as normalization constants that are independent
of size (Brown et al. 2004). We can therefore represent
non-size-based individual differences in growth rate
by varying the coefficient a,. That is, variation in «,
describes ‘inherent’ differences in an individual’s abil-
ity to grow (e.g. due to individual differences in activity

or access to better resources, see Introduction). Scenar-
ios represented by the introduction (or increase) in the
variation in ¢, will have an increase in size variation as
a function of mean size, as individuals with higher ¢,
will grow relatively more than individuals with lower
a,. We denote this manipulation of the growth equation
as describing the effect of size-independent factors on
growth and size variation. Note that when fitting data,
the magnitude of the scaling exponent b, can affect
both the magnitude and units of the size-independent
constant a,.

The manner in which we distinguish size-dependent
and size-independent factors is analogous to the man-
ner in which dependent and independent factors are
distinguished in population growth equations. For
example, in the general per-capita population growth
equation, 1/N dN/dt = rf(N), the population growth
rate is described by a density-independent coefficient
term r, and density dependent contributions, f{N).
Note that there will be positive feedback between the
size-dependent and size-independent factors in the
growth model (eqns 1 and 2); if size-independent factor
leads to faster growth for an individual, the consequent
larger size could in turn confer an increased advantage
due to size-dependent factors (i.e. if b, # 0), a scenario
that leads to large size variation in previous models
(Pfister & Stevens 2003).

Using eqn 2, the growth of 144 individual tadpoles
that began with the same initial mean mass and relative
size variation as in the experiment was simulated. For
simplicity, the model population’s mass is initially
normally distributed. Size-independent contributions
were manipulated by giving different individuals
different values of coefficient @, using a normal distri-
bution (with a known CV) of values of coefficient «,.
Smaller values from the distribution of @, were assigned
to the smaller individuals, as it was assumed that if
size-independent factors are significant they would
influence the initial size distribution. Size-dependent
contributions to size-variation were manipulated by
varying the absolute magnitude of b,. We are interested
in how factors affect the relative performance of indi-
viduals within a population, and thus examined the
relative size variation (CV) as a function of mean size
rather than after a defined period of time. That is, at a
given mean performance (i.e. gain in mass), how did
different individuals perform relative to one another?
Note that the mean value of coefficient «, is not
reported, because it is arbitrary (i.e. it does not affect
the relationship between mean and variation in size
when using eqn 2).

Results
WOOD FROG SIZE VARIATION AS A FUNCTION
OF COMPETITION

Initially, tadpole mass increased at about equal rates in
the different treatments; however, as time progressed, a
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Fig. 2. (a) Meansize, (b) standard deviation in size and (c) the
coefficient of variation (CV) of mean size, of wood frog
tadpoles as a function of time (mean + SE). SO indicates the
initial measurements, and S1-S4 represent the first to fourth
sampling date, respectively. The base treatment had the lowest
competition level. Three manipulations led to higher com-
petition; The intermediate and low resource level treatments
reduced resource supply rates to 1/4th and 1/8th the base
treatment level, and the high-density treatment had double
the tadpole density.
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Fig. 3. Relative size variation (mean £ SE), CV, of wood frog
tadpoles as a function of mean size. Symbols asin Fig. 2. Note
that data for S1 and S2 (indicated with arrow) sampling dates
are tightly grouped, but after this point there is divergence.

difference in mean size developed and increased
(repeated-measures ANOVA, sample date—treatment
interaction, Fy,, = 91, P <0:0001), and was very large
by the third sampling date (Fig. 2a). The SD of size
increased over time in all treatments, indicating that
there was ‘growth depensation’ as denoted by Ricker
(1958). As with mean mass, treatment had little effect
on SD early in the experiment, but was large by the end
(Fig. 2b); SD was higher in treatments with higher
growth rates corresponding to low competition. Thus,
the faster the tadpoles grew, the larger the absolute
difference in size variation among individuals within a
mesocosm.

Although the absolute size variation increased (as
measured by SD), when we standardize by mean size
(i.e. calculate CV), we see that the relative differences in
size among individuals decreased initially (Fig. 2c). As
with mean mass and SD there was little difference
among treatments initially, but after the second sam-
pling date the CV in different treatments diverged
(repeated measures ANOVA, sample date-treatment
interaction, Fy,, = 5-2, P =0-0005). Whereas there
was no significant effect of treatment on CV on the
second sampling date (simple main effect, F; g = 0-043,
P =0-987), there was a significant effect on the
fourth sampling date (simple main effect, Fyz =22,
P <0-001). Indeed, after the second sampling date,
the direction of the change in CV was actually in oppo-
site directions (Fig. 2c). At the higher growth rate in the
base treatment, CV continued to decrease; however, in
the treatments with higher competition, CV increased.
CV as a function of mean mass was also examined to
help reveal information about the factors that affected
size variation, and to facilitate the model analysis
(Fig. 3). Increased competition led to larger CV at the
same mean size.
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Fig. 4. Model results of a simulated population with initial mean and variation in mass of tadpoles in the experiment. Empty
squares represent experimental data from the base treatment. (a) Manipulate CV in coefficient a, to vary size-independent
factors in the absence of size-dependent factors (b, = 0). Numbers on lines represent the magnitude of the CV in coefficient «,.
(b) Manipulate b, to vary size-dependent factors on size variation in the absence of size-independent factors (CV in coefficient «,
equal to 0). Numbers on lines represent the magnitude of b,. Note that the lowest line in both figures represents the predicted
change in CV as a function of mass in the absence of size-dependent and size-independent factors on growth.

In the three treatments with equal initial tadpole
density, and therefore equal initial tadpole biomass,
biomass gain at the last two sampling dates (S3 and S4)
was related linearly to the resource level addition
(R*=0-9999 for linear regression of data collected on
the third and fourth sampling dates, Fig. S1). Biomass
gain in the high density treatment was not significantly
different than in the base treatment (¢-test, P > 0-25 for
both S3 and S4, Fig. S1).

MODEL EXAMINATION OF EMPIRICAL
PATTERNS

Consider first model analysis of the base treatment.
The lowest lines in Fig. 4(a,b) illustrate the expected
change in CV associated with the increase in mass
observed in the experiment if there were no differences
in individual growth. That is, all individuals grew at the
same rate in the absence of size-dependent (b, = 0) and
size-independent (¢, equal for all individuals) factors.
The resultant simulated CV in mass fell precipitously
as a function of mean mass at a rate far greater than
that observed in the experiment. This steep fall resulted
from the fact that the absolute difference in size vari-
ation remained the same as the mean size increased.
The large deviation between this model result and the
empirical data (Fig. 4) indicates that significant persist-
entindividual differences in tadpole growth existed (i.e.
there was autocorrelation in individual growth rate).
Note that growth to the third sampling date was ana-
lysed for this treatment, but to the fourth in other treat-
ments (below), in order to examine changes in CV as a
function of mean size over similar size ranges.

Next we use the model to examine the influence
of size-independent factors on size-variation in the
base treatment in the absence of size-dependent factors
(b, =0). Using a nonlinear optimization routine
(Microsoft Excel ‘Solver’, Microsoft Corporation,
Redmond, Washington, USA) to minimize sum of

squares between the data and model relationships, the
variance in the magnitude of coefficient ¢, was found
that best reproduced the relationship between mean
and CV in mass of the initial data (S0) and third sam-
pling date (S3) of the empirical data. The results pro-
duced a CV in coefficient a, equal to 0-239, for which
the resultant relationship between mean size and size
variation is illustrated in Fig. 4(a). It is clear that with
this best fit to the initial and final data points, the
resultant curve greatly underestimates mass CV at the
intermediate sampling dates (S1 and S2). As a corol-
lary, the CV in coefficient a, (0-278, Fig. 4a) that pro-
vides the best fit between S0 and an earlier sampling
date (S2) overestimates CV at the endpoint (S3). These
deviations arise because size-independent factors pro-
duce a more pronounced effect on relative size vari-
ation at lower mean size relative to high mean size than
actually occurred in the experiment. Size-independent
factors alone therefore cannot explain the observed
patterns in the base treatment. Results for a range of
values of CV in coefficient a, are provided in Fig. 4(a)
to illustrate the sensitivity to this variation.

Next, consider the effect of size-dependent factors in
the absence of size-independent factors (i.e. coefficient
a, equal for all individuals). Using the same nonlinear
optimization routine as above, a value of b, = 0-832
provided the best fit of initial and final mean mass and
variation in mass (Fig. 4b). In contrast to results of
manipulating size-independent factors, this manipula-
tion reproduced the relationship between mean and
variation in mass over the whole range of sampling
dates (+* = 0-998, contrast to 7> = 0-84 for the previous
case). Indeed, it may appear that this curve was chosen
to fit all of the data points, but it was not. Results for a
range of b, values illustrate the sensitivity of the rela-
tionship to changes in size-dependent growth (Fig. 4b).

The marked increase in size variation observed after
the second sampling date (Fig. 3) in elevated com-
petition treatments is examined next. Competition
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Fig. 5. Results of model analysis of the increase in CV observed at high competition. Squares (error bars = SE of 12 mesocosms)
represent the pooled data of the three high competition treatments from the second (S2) to fourth (S4) sampling date. In both
panels, the lower dashed line is the best fitting line for the base treatment (see text) in which b, = 0-832 and CV in coefficient ¢,
equal to 0. (a) Keeping b, = 0-832 as in the best fit at low competition, an increase in CV in coefficient ¢, equal to 0-150 reproduced
the data at high competition (thick solid line). Numbers represent CV in coefficient a,. (b) An increase in b, to 128 from 0-832
reproduces the increase in mass CV seen at high competition (thick solid line). In (b) there are no size-independent factors
affecting size variation (CV in coefficient @, equal to 0). Numbers represent the magnitude of 5,. In both panels, the thin solid lines
above and below the best fit lines are shown to illustrate the sensitivity of mass CV to changes in the size-independent and size-

dependent factors.

evidently affected the relative advantage of different
individuals, as size variation was much greater as a
function of mean size. Our intention was to derive
parameters that describe the general trends in the data,
not specific values for each of the treatments with
increased competition. The data were therefore pooled
over all three treatments with elevated competition.
In particular, changes in size-dependent and size-
independent factors that could cause the marked increase
in CV (~25% on average) as a function of mean mass
(which increased by ~150% on average), observed from
the second to the fourth sampling date, were determined.

A value of b, = 0-832, derived in the previous analysis
for the base treatment, was used in eqn 2, and then the
contribution of size-dependent and size-independent
factors on size variation that reproduced the in-
crease in CV observed in the higher competition
treatments was determined. For size-independent
factors, a value of CV in coefficient ¢, equal to 0-150
provided the best fit (Fig. 5a) to the data. The results
for CV in coefficient a, equal to 0-12 and 0-18 are also
provided to indicate sensitivity this manipulation. For
size-dependent factors (with no size-independent
contribution, i.e. CV in coefficient @, equal to 0), a
size-scaling exponent of b, = 1-28 provided the best fit
of the data (Fig. 5b). Model results for », = 1-2 and
1-35 arealso illustrated to indicate the sensitivity to this
parameter.

Discussion

The experiment demonstrated that tadpole size vari-
ation changed dramatically as the strength of competi-
tion varied. This result was clear when competition was
changed by manipulating either tadpole density or
resource supply rate. When competition was least, the

relative size variation (CV) decreased as a function of
size throughout the experiment. In contrast, when
competition was higher, there was a marked increase
in size variation as a function of mean size. To gain
intuition into how these changes in the magnitude in CV
represent changes in the relative performance of indi-
vidual tadpoles, consider two tadpoles that are plus
and minus one standard deviation from the mean. By
definition, CV is equal to the SD divided by the mean.
Thus, these two tadpoles would differ in size by 74% at
the end of the high competition treatments in which
CV ~0-37, but by only 41% in the low competition
(base) treatment when CV ~0-21 (Figs 2 and 3). There-
fore, increased competition almost doubled the differ-
ence in growth performance of paired tadpoles that
differed by 2 SD.

The model analysis indicated that size-dependent
differences in individual growth are primarily respon-
sible for the observed relationship between mean
size and size variation at low competition (Fig. 4b),
whereas size-independent factors were not (Fig. 4a).
The estimated value of the scaling exponent derived
from the relationship between mean mass and size vari-
ation at low competition, 0-832, is close to the average
value, 0-75, observed (and predicted theoretically) for
animals (Brown et al. 2004). Thus, if we use this value
from the literature for the scaling of individual growth
and size, the model predicts the observed development
of wood frog tadpole size variation fairly well, devi-
ating from the actual data with a moderately steeper
decrease in CV as a function of mean mass (Fig. 4b).
This moderately steeper decrease suggests that the
actual scaling factor for wood frogs is higher than 0-75,
the average value for animals, or that other factors
affected size variation. In particular, this deviation
could suggest that size-independent factors are also
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contributing to growth variation. Using the same
methodology as in the previous section, if we assume
that the size-scaling relationship is 0-75, thena CVin a,
of 0:026 increases the size variation to the required
amount to reproduce the empirical data (> = 0-988).
Thus size-dependent scaling factors alone with
b ~ 0-83, or a moderate combination of size-independent
factors combined with size-dependent factors, deter-
mined the observed decrease in size variation at low
competition. In either case, size-variation is strongly
dictated by a size-scaling relationship between mean
size and growth rate similar to that determined from
physiological studies.

The parameters needed to reproduce the relation-
ship between mean size and size variation in treatments
with higher competition are in stark contrast to those
in the base treatment with the lowest competition. The
model showed that an effect of competition on both
size-independent factors, causing CV in coefficient in
a, approximately equal to 0-15, or an increase in size-
dependent factors, by increasing the scaling relation-
ship between size and growth (b,) to approximately 1-3,
could underlie this pattern. In the latter case, the com-
petition changed the size advantage from being less
than proportional to size (i.e. b < 1) to greater than
proportional to size (i.e. b > 1). It is important to note
that slower growth due to increased competition does
not necessarily imply that the relationship between
mean mass and mass variation will be modified. It is
plausible that all tadpoles would grow at equivalent
lower rates and therefore size variation and mean size
would change at reduced rates, but the relationship
between mean mass and size variation would be the
same.

One reason why trait (including size) differences
could have a less pronounced effect on individual
growth variation at lower competition is that any trait
disadvantages do not limit resource acquisition at rel-
atively high resource levels associated with lower com-
petition. Therefore, all individuals would acquire (find
and garner) and assimilate resources at nearly equi-
valent rates; but when resources are scarce at heightened
competition, the effect of trait advantages in acquiring
and assimilating resources will be more pronounced,
leading to larger individual differences in growth
(Uchmanski 1985; Lomnicki 1988). Further, work is
required to disentangle which phenotypic differences,
e.g. size- or other trait-based, are responsible. The pos-
sibility that size-independent factors may play a role is
supported by laboratory experiments using marked
tadpoles, in which we observed persistent individual
differences, over the course of a week, in wood frog
tadpole foraging behaviour (Peacor, unpublished data).
We do not postulate here whether the origin of poten-
tial size-independent factors had a genetic (Arnold
1981; Conover & Munch 2002) or other basis, such as
learned (Palmer 1984; Dukas & Bernays 2000), or
positive correlation between growth and condition
(DeAngelis et al. 1993; Ludsin & DeVries 1997).

One method to distinguish size-dependent and size-
independent factors is to mark and follow the growth
of individuals. Given these data, regression should
reveal whether size has a large effect on growth rate,
and positive correlation in the residuals of the size vs.
growth relationship has been referred to as ‘growth
autocorrelation” and is indicative of size-independent
processes (Pfister & Stevens 2003). Although a power-
ful approach, it is not always practical to collect data
repeatedly on the same individual. Thus models that
interpret size-variation in the absence of individual
growth data, such as we present here, are needed.

An increase in size variation at higher competition
levels, as reported here for wood frog tadpoles (see also
Wilbur & Collins 1973), has been observed in a number
of other animals (reviewed in Uchmanski 1985;
Lomnicki 1988), including fish (Rubenstein 1981; Sogard
& Olla 2000), and grasshoppers (Wall & Begon 1987).
While little is known about the relative contribution of
size-dependent and size-independent factors in these
cases, there is evidence that in some fish species, size-
independent behavioural differences between individ-
uals (Fuiman & Cowan 2003) contribute to growth rate
differences (Imsland et al. 1998; Wilson 1998). In addi-
tion, size can play a large role in social hierarchies of
fish that lead to increased interference and larger in-
equities of resource distribution at low resource levels
(Magnuson 1962; Rubenstein 1981). It is unlikely that
interference played a significant role in the effect of
competition on size variation in our study because the
tadpoles foraged independently over relatively large
areas. Rather, trait differences (size or other) must have
affected foraging in other ways, such as by affecting the
relative ability to locate, garner or assimilate resources.

The results in the high competition treatments have
implications to modelling animal population dynamics.
Increasingly, ecologists are using individually based
models (IBM) to model ecological systems (DeAngelis
& Mooij 2005; Grimm & Railsback 2005). One of a
number of advantages (there are also disadvantages) of
IBMs over other models, is that IBMs can represent
and examine the implications of individual variation in
phenotype. For example, a number of studies exam-
ining the population dynamics of fish have used IBMs.
It is a standard protocol to use growth rate equations
that are similar in form to eqn 1, such as bionenergetic
models, to represent individual growth as a function of
size for individual fish (Rose et al. 1999). However, our
results indicate that under some conditions (e.g. high
competition), this approach will fail to account for
individual differences in growth that could affect
model results. Indeed, higher competition enhancing
the size variation of fish has been reported (Rubenstein
1981; Sogard & Olla 2000), and thus we expect similar
modifications to eqn 1 would be needed to describe
individual fish growth. For example, in models in which
differential growth is important due to a fraction of
individuals attaining higher reproductive success,
modelling the individual differences accurately is
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especially important. Our results suggest that a size-
dependent scaling of growth rate on size well above that
found from physiological studies, or introducing indi-
vidual variation in the size-independent coefficients,
may be required.

Although our analysis has assumed that resources
are homogeneous and the mobility of wood frogs
probably resulted in homogeneous resources, the basic
growth equation has application to systems with hetero-
geneous resources. Of course, resource hetero-
geneity can lead to individual variation in growth if
movement by individuals is limited. In addition, even
in systems in which resources are initially homogene-
ous, restricted foraging can lead to persistent resource
patchiness that can drive size differences for individuals
with equivalent foraging abilities (Pfister & Peacor
2003). If modelled using eqn 1, persistent differences in
resource availability, due to resource heterogeneity, can
be represented by modifying coefficient @, (Sebens
1987), with higher values corresponding to individuals
that have had access to higher resources. Thus, vari-
ation in coefficient ¢, can represent intrinsic organism
trait differences among organisms or extrinsic differ-
ences due to conditions imposed by the environment.

Individual size variation is a ubiquitous feature of
animal populations, and is predicted to affect numer-
ous ecological processes (see Introduction). Size vari-
ation may also serve as an indicator of genetic variation
proposed to affect community structure (Wilson 1998;
reviewed in Agrawal 2003). Further, much in the way
the variation in population patterns across environ-
mental gradients enhances our understanding of mean
population processes (Connell 1961; Wellborn et al.
1996), patterns of size variation may serve as a lens into
processes that affect mean growth and consequently
fitness (Lomnicki 1988). Building frameworks to under-
stand how factors affect size-variation could help in the
interpretation of many empirical studies that would
typically focus on mean size. This study illustrated how
the relationship between size variation and mean size
can vary greatly as a function of competition, due to a
shifting role for size-dependent or size-independent
factors as competition varied. Finally, our results have
important implications for modelling natural popu-
lations. Size is easily included as a state variable in
population models and there is thus a rich history of
modelling size-dependent demographics (Lefkovitch
1965; Caswell 2001). In contrast, variance among indi-
viduals of non-size-based traits is described less easily
in analytical formulations and requires more theoreti-
cal development.
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